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Misfit-layered (ML) cobalt oxides of the general formula &fi {A;Omi2]qC00; have been proven to
be efficient thermoelectric materials because the structure is capable in accommodating the two seemingly
contradictory characteristics of high electrical conductivity and large thermoelectric power. They are
also potential hosts for othexymoronlike functions. The known phases all contain one or two square-
planarMO (M = Co, Bi, Pb, Tl, etc.) layers sandwiched together with th®@ (A = Ca, Sr, Ba, etc.)
planes of square symmetry between two adjacent Jagers of hexagonal symmetry. Here, we report
the realization of the simplesin(= 0) ML phase forming in the SrCo—0O system with the cation ratio
Sr/Co= 1. Atomic-resolution transmission electron microscopy (TEM) imaging confirms for the new
phase the parent three-layer crystal structure,~S8@D—Co0;, which is compatible with the formula of
[Sr:0,]4C0o0,. Electron diffraction reveals that the phase is rather commensurate, i.e. the “misfit parameter”
gis 0.5. Nevertheless, in terms of the transport-property characteristics, the new ML parent is comparable
to its earlier-established and more-complex derivatives.

Introduction '_C‘_) e

“Layer-engineered” oxides of thed3ransition metals have
been widely recognized as candidates for the next-generation
electronics materials. The phases derived from the Qay@r
and exhibiting high¥. superconductivity form one of the
most impressive families of such oxides, in terms of both
the variety of members and the technological impact. Another
family of multilayered oxides of high promise was discovered [MrA20m2]4C00, [Sr20,10.5C00,
more recently, that is, the “misfit-layered” (ML) cobalt Figure 1. Crystal structures of misfit-layered cobalt oxidedAOm+2]¢-
oxides! In conventional multilayered oxides such as the C0O ingeneral and of the new "zero” phase, {34osCo0;. The former

. . L contains hexagonal CoQayers coupled incoherently with square-planar
superconductive Cu OX|d_es, the individual layers are stackedAo andMO layers along the sequend—(MO),—AO—CoO,, whereas
to form a crystallographically coherent crystal, whereas in the latter lacks theMO)n “charge reservoir”. All the layers should be
the ML compounds, a hexagonal (Gdtructured) Co@ considered potentially nonstoichiometric, at least in terms of oxygen.
layer with triangular arrangement of the constituent atoms,
O or Co, in each sublayer is coupled incoherently with a
square-planar (rock-salt-typeMQO)m(AO),] layer-block (M ! 3
= Co, Bi, Pb, Tl, etc.A = Ca, Sr, Ba, etc.). A schematic €'€ctrical conductot? _ _
crystal structure is shown in Figure 1. Each ML oxide repeats 7O the materials science community, an ultimate goal

the layer sequence 80— (MO),—AO—Co0; and obeys the should always be to find the limits of each of the newly
formula of MAzOm:2]<C00, (g = “misfit parameter”, the discovered material families. This has been the motivation

value of which ranges within 0.560.62 for known ML for the ngw-mat_erial search within the superco_nductive
oxides). The different blocks in the ML structure possess COPPer-oxide familyMmAsQn-1CtOms2120 (M = Cu, Bi, Pb,
not only different crystal symmetries but also different 'l HO, etc.;A=Ba, Sr, La, etc.Q = Ca, etc.). the family
chemical natures and electronic structures. This provides ushas been extended, in termsroiip to 3 and oh up to 95
with possibilities for incorporating multiple functions into a

single material. The first such “combinatorial” function ~ (2) Terasaki, 1. Sasago, ¥.; Uchinokura, Rhys. Re. B 1997 56
discovered for ML cobalt oxides is the unexpectedly good (3) Miyazak'i, Y.; Kudo, K.; Akoshima, M.; Ono, Y.; Koike, Y.; Kajitani,

thermoelectric (TE) performance that originates from the fact = T- Jpn. J. Appl. Phys200Q 39, L531. . .
(4) For areview, see: Karppinen, M.; Yamauchi,Miater. Sci. Eng R

that these compounds can play the dual role of being
concomitantly both a poor thermal conductor and a good

1999 26, 51.
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and also derived down to the paremt = O or “zero” * SrCO,
phase<: 1! In a parallel manner, for the ML cobalt-oxide ® Coy0,
family, too, the target should be to find the limits of material =z
variety, from the simplest to the much more complex. Here &

~
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we report the discovery of the first zerm & 0) ML cobalt N 8o 22 § 9
oxide expressed as Co0,. S Lo SR R Qe o
P 1 CO0: o | R e 8
Experimental Section 6 10 20 30 40 S50 60 70
20 (deg.)
We synthesized the SICCo—O samples in evacuated Figure 2. X-ray powder diffraction pattern for a sample of the new
guartz ampules at 85T from a mixture of Sr@ (freshly [Sr202]0.5C00; phase. Besides the reflections due to S§@@d CaOx, all

. - . the remaining peaks can be indexed according to the structure model
preparedprior to USéZ) and €O, powders with the ratio expected for a “zero” ML cobalt oxide phase as sketched in FiguR24 (

of 1:1 for the constituent metals, Sr and Co. In terms of m a=4.980 A,b = 5.596 A,c = 9.107 A, and3 = 96.28).

oxygen, the precursor mixture serves as a source for

moderately oxidizing conditions as it corresponds to the the synthesis was free from Srg®ithin the XRD detection
oxygen-excess nominal composition of J8§]0sC00; 33 limit. After subtracting the contributions from the apparent
Other cation ratios and synthesis temperatures were testedC0;04 and SrCQ impurity phases, the remaining diffraction
as well but were found to yield less phase-pure samples. Thelines in the XRD patterns for the samples could not be
phase composition was determined from X-ray powder explained for any known compound(s). Surprisingly, no signs
diffraction (XRD) patterns collected at room temperature of the two most common ternary phases in the-Go—O
(Rigaku, RINT-2500V equipped with a rotating anode; Cu system, i.e., the brownmillerite £0,0s and the perovskite

K, radiation). The zero structure was confirmed from high- SrCoQ-s, were seen. The former phase is the one obtained
resolution transmission-electron microscopy (HRTEM) im- by synthesis carried out in &if,whereas the latter forms
ages and electron diffraction (ED) patterns (Hitachi, H-1500; through high-pressure~6 GPa, KCIQ as an oxygen
acceleration voltage 820 kV). The actual chemical composi- source}* or electrochemicé} oxidation. Apparently we have
tion of the target phase was determined by an energy-successfully attained a not-yet-combed intermediate oxygen-
dispersive X-ray spectroscopy (EDS) analyzer attached to apressure range which does not allow stabilization of these
TEM microscope (Hitachi, HF-3000S; acceleration voltage already known Sr/Ce= 1 phases.

300 kV). Lattice-parameter refinement was carried out on  We utilized HRTEM for the first identification of the new
the basis of the XRD data using the Rietveld refinement phase (Figure 3a). The HRTEM image revealed a perfectly
program JANA2000. Electrical resistivity was measured for arranged (2 1)-layer structure for the cations (i.e., heavier
the samples in the temperature range 6880 K by a four- atoms) compatible with that of the “zero phase”, {3 q-
probe technique (Quantum Design, PPMS), and magneticCoQO,. The layer-repetition thickness was evaluated on the
properties were evaluated from the data collected from 2 to basis of the HRTEM image at9 A. The HRTEM image
300 K with a superconducting-quantum-interference-device furthermore suggested monoclinic symmetry, similar to that
(SQUID) magnetometer (Quantum Design, MPMS-XL; seen for known ML cobalt oxides. The actual phase-spe-
field-cooled mode) under 100 Oe. The thermoelectric power cific chemical composition was determined by TEM-EDS
was measured in the temperature range-6280 K with a at Sr/Co= 0.99(5) using signals from several different grains.

steady-state technique. The monoclinic distortion revealed from the HRTEM
image was verified from the ED pattern taken with the
Results and Discussion electron beam along [010] direction, i.e., angleac ~ 96°

o . (Figure 3b), whereas anglé bc was confirmed to be 90

Our ampule synthesis yielded polycrystalline samples that (Figure 3c). From the ED pattern taken with the electron
were not completely free from the starting materials: small pagm along [001] direction (Figure 3d), it was clearly re-
peaks due to GO, and SrCQ (rather than Srg) were vealed that the new phase is commensurate, i.e., the hex-
always seen in the XRD patterns recorded for the samplesagonal (H) and square (S) lattices coincide such that the mis-
(Figure 2). Apparently during the course of the synthesis it parameterq = (bu/bs) for [Sr,0,]CoQ; is 0.5. In Figure
procedure, the not-yet-reacted $n@adily transforms into 34 only (&k0) reflections withk = even appear, whereas in
SrCQ;. Here we should mention that this happened despite Figyre 3¢, reflections witlk = odd are seen as well. In the
our best efforts to avoid carbon contamination; we, for |atter case, thé& = odd reflections are most likely induced
instance, carefully checked that the gn@wder used for by myltiple scattering effect$. Accordingly, on the basis
of the ED data, the lattice structure of the new-80—0

™ ggé g;gVier see: Yamauchi, H.; Karppinen, Rhysica C200Q compound could be derived as follows: monoclinic space
(8) Bednorz, J. G.; Miler, K. A. Z. Phys. B1986 64, 189.
(9) Adachi, S.; Yamauchi, H.; Tanaka, S.;Nd\. Physica C1993 212, (13) Takeda, T.; Yamaguchi, Y.; Watanabe, H.Phys. Soc. Jpril972

164. 33, 970.
(10) Hiroi, Z.; Takano, M.; Azuma, M.; Takeda, Xature1993 364, 315. (14) Kawasaki, S.; Takano, M.; Takeda, ¥. Solid State Chenl996
(11) Hosomi, T.; Suematsu, H.; FjellgaH.; Karppinen, M.; Yamauchi, 121, 174.

H. J. Mater. Chem1999 9, 1141. (15) Bezdicka, P.; Wattiaux, A.; Grenier, J. C.; Pouchard, M.; Hagenmuller,
(12) Kawashima, T.; Takayama-Muromachi,Fysica C1996 267, 106. P.Z. Anorg. Allg. Chem1993 619 7.

Ushiki, M.; Motohashi, T.; Yamauchi, H.; Karppinen, Nhysica C (16) Nagai, T.; Sakai, K.; Karppinen, M.; Asaka, T.; Kimoto, K.; Yamauchi,
2002 378-381, 167. H.; Matsui, Y. In preparation.
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Table 1. Lattice-Parameter Data for [Sr,02]05C00,, Some
Representative (“Nonzero”) ML Cobalt Oxides of
[MmA20m+2]qC002, the First-generation Oxide Thermoelectrics of
Nap 74C00; and Its Superconductive Water-Derivative
Nap 35C00,°1.3H,0 as Well as Its lon-Exchanged Sr-Counterpart

Sro.3sC00,?
a bs bH C

phase qg A& A A A B ref.
[Sr202]¢CoC, 050 50 56 28 9.1 96.2 present
[Bi2B&;04](C00O, 050 50 56 28 155 920 17
[Bi2Sr04]qCoO, 056 49 51 28 149 935 20
[Bi2C&04]qC00; 060 n/a nfa n/la nla na 21
[CoCa&05]4C00; 062 48 46 28 108 981 22
[(Co,CupCa03]qCoO, 0.62 4.8 45 2.8 128 939 23
Nag.74C00; - 5.6 28 54 24
N&y.35:C00,+1.3H,0 - 5.6 28 9.8 25
S1p.35C0O - 5.6 28 58 26

a|t is interesting to note that the Cedayer separation distance in
[Sr202]05C00; is close to that in NggsCo0,-1.3H,0, but the new phase
does not exhibit superconductivity (above 2 K).

120 " T " T

< 80r M_

.
.
L
.
.
’
L]
.
L
.
.
.

Figure 3. HRTEM image and ED patterns for [§),]0sC00;. (a) The
HRTEM image represents tteec plane, exhibiting the layer sequence of
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SrO-Sr0—-CoQ; and a monoclinic distortion. The ED patterns are taken ™ ok : L
with the electron beam along (b) [010], (c) [100], and (d) [001]. The first o)
ED pattern confirms the monoclinic distortion and the last shows that the 2 R
phase is commensurate, i.gq.(=bn/bs) = 0.5. g I
)
group P2;/m (No. 11)26 lattice parametera ~ 5.0 A, b ~ 2 3_
57 A, c~ 9.1 A, andB ~ 96°. The more precise lattice <) , 1 , , ,
parameters were then refined from the XRD data at =0 100 200 300
4.980(0.1) A = 5.596(0.1) Ac = 9.107(0.1) A, angB = T (K)

96.28(0.1y. These results are highly consistent with our Figure 4. TemperatureT) dependence of (a) Seebeck coefficied)t and
imagination (Figure 1) of the crystal structure of the new (b) magnetic susceptibilityy] of [Sr202]0.5C00.
phase, that is, a commensurate zero ML cobalt oxide with
the layer sequence of SrcbrO—Co0,.

As for the observed value of 0.5, a similar commensurate
ML structure has, for the first time, been observed for

[Bi2Bax04]0.5C00..1" Apparently, the large size of thesite S . .
S : . oxygen vacancies in [8D;]osC00,. Reductive annealing
cation €£Ba) in [BizB204oC00; allows the structure to. o ip o) iy N gas at 400C was found to decrease the

release the drive for misfitness. In the present case, too, theI X A :
abplane is considerably expanded in comparison to the other attice parameter from9.11 A of the as-synthesized sample
to ~9.00 A of the annealed sample. Moreover, since the

known Sr-based ML cobalt oxides to rather become close . .
: : - Nz-annealing was performed in a thermobalance, the amount
to that for [BLB&0O4]05C00; (see Table 1), thus rationalizing )
the low (and commensurate) value of 0.5 &in [Sr,0s].- of removable oxygen could pe estimated to be 6.045
q oxygen atoms per formula unit. It thus seems thaiQgp s

Co0,. As a plausible explanation for the larger-than-expected CoO, possesses oxygen vacancies of a concentration that is
ab-plane dimension, we suggest that th 00, phase :
P 99 efosC00; p tunable to some extend. Attempts to increase oxygen content

accommodates considerable concentration of oxygen vacanwere made as well by annealing specimens of the as-
cies. From the redox chemistry point of view, this is highly . e by : g sp
reasonable, since without oxygen vacancies the valence of® ynthesized mate”?' in a cubic-anvil high-pressure apparatus
coiltn 103 Co0 W be s high 834 e iCoq 215,09 14408 i presence fKcione n oxcess:
with the same nominal chemical composition). From previous a)rlgmeter frorﬁvg 11 to~§ 12)’/& wasgobserved
experiences, such a high value of cobalt valence is achieveo!0 he th | o ) q ) 'f h
under highly oxidizing conditions only. The present synthesis The t, ermoe eCt,”C power .ata (F|gure 4a) for t € as-
conditions are very similar to those employed for other ML synthesized material are consistent with our tentative sug-
and related cobalt oxides, for which the valence of cobalt 1) | —
: 18 18) Karppinen, M.; Fjellvg, H.; Konno, T.; Morita, Y.; Motohashi, T.;
remains V\_’e” belowt-3.5.% Actually, even the nonzero ML Yamauchi, H.Chem. Mater2004 16, 2790. Morita, Y.; Poulsen, J.;
cobalt oxides have been shown to be prone to oxygen Sakai, K.; Motohashi, T.; Fujii, T.; Terasaki, I.; Yamauchi, H.;

vacancied8 We should also recall the corresponding copper- Karppinen, M.J. Solid State Chen004 177, 3150. Karppinen, M.;
Asako, |.; Motohashi, T.; Yamauchi, #hys. Re. B 2005 71, 92105.
(19) Shimakawa, Y.; Jorgensen, J. D.; Mitchell, J. F.; Hunter, B. A.; Shaked,
(17) Hervieu, M.; Maignan, A.; Michel, C.; Hardy, V.; Gog, N.; Raveau, H.; Hinks, D. G.; Hitterman, R. L.; Hiroi, Z.; Takano, MPhysica C
B. Phys. Re. B 2003 67, 045112. 1994 228 73.

oxide zero-phase, £2uO,s, which is believed to be strongly
oxygen-deficient?

We performed postannealing experiments in order to check
whether it would be possible to control the concentration of
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Figure 5. Resistivity () versus temperaturd&) characteristics of [$02]o.5
CoQ,. The data are well-explained with the thermal activation moe@)[
= po expELksT) with Ex= 7 meV] in the higher-temperature region7
K); see the inset.

gestion that [S10;]0.sC00; is oxygen-deficient: the Seebeck
coefficient @ is positive (at temperatures abovel0 K),
indicating that the majority carriers are holes such that
[Sr20;]05C00; is a hole-doped Cb lattice rather than an
electron-doped CY lattice. From Figure 4a, it should also
be noted that the absolute value®¥t room temperature is
as high as~85 uV/K, being comparative to those reported
for various other ML and related oxides based on the>Cdl
structured Co® layer?® The cause of the anomalous
behavior seen in th& versus temperaturd) curve at low
temperatures is unknown, though it seems to coincide with
the anomaly in the magnetic susceptibiligy yersusT curve
(Figure 4b), which is most likely due to the antiferromagnetic
(Tn &~ 33 K?7) Cos0,4 impurity present in the sample. The
high-temperaturel(> 35 K) portion of the curve looks rather

(20) Hervieu, M.; Boullay, Ph.; Michel, C.; Maignan, A.; Raveau, B.
Solid State Chen999 142, 305.

(21) Maignan, A.; Heert, S.; Hervieu, M.; Michel, C.; Pelloquin, D.;
Khomskii, D.J. Phys.: Condens. Matt&t003 15, 2711.

(22) Masset, A. C.; Michel, C.; Maignan, A.; Hervieu, M.; Toulemonde,
O.; Studer, F.; Raveau, B.; HejtmanekPhys. Re. B 2000 62, 166.

(23) Miyazaki, Y.; Miura, T.; Ono, Y.; Kajitani, TJpn. J. Appl. Phys
2002 41, L849.

(24) Balsys, R. J.; Davis, R. LSolid State lonic4996 93, 279.

(25) Takada, K.; Sakurai, H.; Takayama-Muromachi, E.; Izumi, F.; Dilanian,
R. A.; Sasaki, TNature2003 422 53.

(26) Ishikawa, R.; Ono, Y.; Miyazaki, Y.; Kajitani, Tpn. J. Appl. Phys
2002 41, L337.
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leveled off, but further analyses were not appropriate because
of the superimposed effect from the impurity.

Figure 5 shows th& dependence of resistivity) for our
best [S50,]0sC00, sample. The curve exhibits semiconduct-
ing behavior within the whole temperature range measured
(4—350 K). The absolute resistivity values are somewhat (one
or two digits) higher than those typically reported for
polycrystalline ML cobalt-oxide samples. This is likely due
to the nonreacted traces of Srg&nd CaO, in the sample.
Actually, at temperatures higher thari7 K, thep versusT
data are well-explained with the thermally activated conduc-
tion mechanism: from the fitting tp(T) = po expEdksT)
(see the inset), the activation energy, was found to be as
low as~7 meV.

Conclusion

We have successfully synthesized the parent phase of the
misfit-layered cobalt-oxide family MmA2Omi2]qC00;. The
new [SkO;](Co0; phase lacks thBO layer(s) so as to have
a (SrO) double layer only between adjacent Col@yers.
Even though the (Sr@)and CoQ layers in [SpO,]qC0O;
possess different symmetries (as in all other ML oxides),
the phase is commensurate, i.g.= 0.5. We have thus
simplified the generalNlA2Omi2](C0O; structure by reduc-
ing (i) the number of metal constituentd,) the number of
layers per formula unit, and moreoveiij X by converting
the structure from incommensurate to commensurate. Nev-
ertheless, the simplified phase yet exhibits transport-property
characteristics parallel to those of the more-complex deriva-
tives of ML cobalt oxides.
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